The crystal structures of three hydrogen-bonded co-crystals of 4-alkoxybenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1), namely, 2C 9 H 10 O 3 ÁC 12 H 12 N 2 , (I), 2C 10 H 12 O 3 ÁC 12 H 12 N 2 , (II), and 2C 11 H 14 O 3 ÁC 12 H 12 N 2 , (III), have been determined at 93, 290 and 93 K, respectively. In (I), the asymmetric unit consists of one 4-ethoxybenzoic acid molecule and one half-molecule of 1,2-bis(pyridin-4-yl)ethane, which lies on an inversion centre. In (II) and (III), the asymmetric units each comprise two crystallographically independent 4-alkoxybenzoic acid molecules and one 1,2-bis(pyridin-4-yl)ethane molecule. In each crystal, the two components are linked by O-HÁ Á ÁN hydrogen bonds, forming a linear hydrogen-bonded 2:1unit of the acid and the base. Similar to the structure of 2:1 unit of (I), the units of (II) and (III) adopt nearly pseudo-inversion symmetry. The 2:1 units of (I), (II) and (III) are linked via C-HÁ Á ÁO hydrogen bonds, forming tape structures.
Chemical context
Co-crystals of 4-alkoxybenzoic acid-4,4 0 -bipyridyl (2/1), in which the two acids and the base are held together by intermolecular O-HÁ Á ÁN hydrogen bonds, show thermotropic liquid crystallinity (Kato et al., 1990 (Kato et al., , 1993 Grunert et al., 1997) . Recently, we have reported the crystal structures of the three compounds of 4-ethoxy-, 4-n-propoxy-and 4-n-butoxybenzoic acid (Tabuchi et al., 2015) . As an expansion of our work on the structural characterization of hydrogen-bonded co-crystals which exhibit liquid phases, we have prepared compounds of 4-alkoxybenzoic acid-1,2-bis(pyridin-4-yl)-ethane (2/1) and analyzed the crystal structures. DSC (differential scanning calorimetry) and polarizing microscope measurements show that the compounds of 4-methoxy-, 4-ethoxy-and 4-n-propoxybenzoic acid have nematic phases at 419 (1), 421 (1) and 419 (1) K, respectively, while the compound of 4-n-butoxybenzoic acid exhibits a smectic A phase at 413 (1) K and a nematic phase at 419 (1) K.
We present here three structures of 4-ethoxybenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1), (I), 4-n-propoxybenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1), (II), and 4-n-butoxybenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1), (III). The structure of 4-methoxybenzoic acid-1,2-bis(pyridin-4-yl)-ethane (2/1) has been reported recently (Mukherjee & Desiraju, 2014) .
Structural commentary
The molecular structures of (I), (II) and (III) are shown in Fig. 1 . The asymmetric unit of (I) consists of one 4-ethoxybenzoic acid molecule and one half-molecule of 1,2-bis-(pyridin-4-yl)ethane which lies on an inversion centre. The two acid molecules and the base molecule are held together via O-HÁ Á ÁN hydrogen bonds (Table 1) to afford a centrosymmetric linear 2:1 unit. The hydrogen-bonded asymmetric unit is approximately planar with dihedral angles of 9.40 (11), 4.38 (11) and 2.76 (9) , respectively, between the N1/C10-C14 and O1/C7/O2 planes, the O1/C7/O2 and C1-C6 planes, and the C1-C6 and O3/C8/C9 planes.
The asymmetric units of (II) and (III) are each composed of two crystallographically independent 4-alkoxybenzoic acid molecules and one 1,2-bis(pyridin-4-yl)ethane molecule, and the two acids and the base are held together by O-HÁ Á ÁN hydrogen bonds (Tables 2 and 3) , forming a linear hydrogenbonded 2:1 aggregate. Similar to the 2:1 unit of (I), the units of (II) and (III) adopt nearly pseudo-inversion symmetry. The dihedral angles between the pyridine rings of 1,2-bis(pyridin-4-yl)ethane are 14.36 (6) and 29.92 (7) , respectively, for (II) and (III). The pyridine ring and the carboxyl group hydrogenbonded to it are twisted with respect to each other. In (II), the dihedral angles between the N1/C21-C25 and O1/C7/O2 planes, and the N2/C26-C30 and O4/C17/O5 planes are The molecular structures of compounds (I), (II) and (III) determined at 93, 290 and 93 K, respectively, with the atom labelling. Displacement ellipsoids are drawn at the 50% probability level. O-HÁ Á ÁN hydrogen bonds are indicated by dashed lines [symmetry code for (I): (ii) Àx, Ày + 2, Àz]. Table 1 Hydrogen-bond geometry (Å , ) for (I). Table 2 Hydrogen-bond geometry (Å , ) for (II). Symmetry codes: (i) Àx À 2; Ày; Àz þ 1; (ii) Àx þ 1; Ày þ 1; Àz þ 1. Table 3 Hydrogen-bond geometry (Å , ) for (III).
Cg1 and Cg2 are the centroids of the C1-C6 and C12-C17 rings, respectively. Symmetry codes: (i) x; y; z À 1; (ii) Àx þ 1; Ày; Àz þ 2; (iii) Àx; Ày þ 1; Àz.
4.86 (14) and 7.71 (14) , respectively, while those in (III) are 9.48 (16) and 25.25 (17) , respectively, between the N1/C23-C27 and O1/C7/O2 planes, and the N2/C28-C32 and O4/C17/ O5 planes.
The molecular structures of 4-n-propoxy-and 4-n-butoxybenzoic acids in (II) and (III) are approximately planar. The dihedral angles made by the benzene ring with the carboxyl group and the alkoxy group in each propoxybenzoic acid in (II) are 9.20 (14), 4.36 (14), 1.80 (11) and 5.98 (11) , respectively, between the C1-C6 and O1/C7/O2 planes, the C11-C16 and O4/C17/O5 planes, the C1-C6 and O3/C8-C10 planes, and the C11-C16 and O6/C18-C20 planes. The corresponding dihedral angles in (III) are 0.67 (16), 15.05 (17), 2.83 (10) and 11.86 (10) , respectively, between the C1-C6 and O1/C7/O2 planes, the C12-C17 and O4/C18/O5 planes, the C1-C6 and O3/C8-C11 planes, and the C12-C17 and O6/C19-C22 planes.
Supramolecular features
In the crystal of (I), the 2:1 units are linked by a pair of C-HÁ Á ÁO hydrogen bonds (Table 1) , forming a tape structure along [120] (Fig. 2) . In addition, the units are stacked in a column through -interactions between the acid and base rings along the b axis (Fig. 3) . The centroid-centroid distance between the C1-C6 and N1/C10-C14(x, y À 1, z) rings is 3.592 (2) Å .
In the crystal of (II) and (III), the 2:1 units are linked by C-HÁ Á ÁO interactions (Tables 2 and 3) , forming tape structures along [310] (Fig. 4) and [001] (Fig. 5) , respectively.
Between the tapes in (II), a weak -interaction is observed. The centroid-centroid distance between the C11-C16 benzene ring and the N2/C26-C30(x + 1, y, z) pyridine ring is 3.7115 (18) Å . On the other hand, between the tapes in (III) C-HÁ Á Á interactions are observed (Table 3) . Although the 2:1 units of the three compounds are arranged in the crystals with their long axes parallel to each other, the distinct layer structure leading to a smectic structure, as observed in 4-nbutoxybenzoic acid-4,4 0 -bipyridyl (2/1) (Tabuchi et al., 2015) , is not observed.
Database survey
A search of the Cambridge Structural Database (Version 5.36, last update February 2015; Groom & Allen, 2014) for cocrystals of 1,2-bis(pyridin-4-yl)ethane with 4-alkoxybenzoic acid gave three structures (Mukherjee & Desiraju, 2014; Aakerö y et al., 2005) . A similar compound, 4-pentylbenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1), was reported to exhibit transitions to liquid-crystalline phases (smectic A at 421.3 K and nematic at 439.6 K) and the molecular motions were investigated by solid-state NMR Clauss et al., 1996) .
Synthesis and crystallization
Single crystals of compound (I) were obtained by slow evaporation from an acetone solution (150 ml) of 1,2-bis-(pyridin-4-yl)ethane (67 mg) with 4-ethoxybenzoic acid (120 mg) at room temperature. Crystals of compounds (II) and (III) were obtained from ethanol solutions of 1,2-bis- (pyridin-4-yl)ethane with 4-n-propoxybenzoic acid and 4-nbutoxybenzoic acid, respectively, at room temperature [ethanol solution (150 ml) of 1,2-bis(pyridin-4-yl)ethane (62 mg) and 4-n-propoxybenzoic acid (120 mg) for (II), and ethanol solution (150 ml) of 1,2-bis(pyridin-4-yl)ethane (57 mg) and 4-n-butoxybenzoic acid (120 mg) for (III)].
DSC measurements
Phase transitions of 4-methoxybenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1) and the title three compounds were observed by DSC and the liquid phases were confirmed by polarizing microscopy. DSC measurements were performed by using a PerkinElmer Pyris 1 in the temperature range from 103 K to the melting temperature at a heating rate of 10 K min À1 . Phase transition temperatures (K) and enthalpies (kJ mol 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 4 . For all compounds, C-bound H atoms were positioned geometrically with C-H = 0.93-0.99 Å and were refined as riding with U iso (H) = 1.2U eq (C) or 1.5U eq (methyl C). The O-bound H atoms were located in difference Fourier maps and freely refined [refined O-H = 0.966 (18)-1.03 (3) Å ]. For all compounds, data collection: RAPID-AUTO (Rigaku, 2006 ); cell refinement: RAPID-AUTO (Rigaku, 2006) ; data reduction: RAPID-AUTO (Rigaku, 2006 ); program(s) used to solve structure: Il Milione (Burla et al., 2007); program(s) used to refine structure: SHELXL2014/7 (Sheldrick, 2015); molecular graphics: ORTEP-3 for Windows (Farrugia, 2012) ; software used to prepare material for publication: CrystalStructure (Rigaku, 2010) and PLATON (Spek, 2009 ).
(I) 4-Ethoxybenzoic acid-1,2-bis(pyridin-4-yl)ethane (2/1)
Crystal data 117.12 (10) C19-C18-H18A 109.5 C6-C1-C2
Special details
118.76 (10) O6-C18-H18B 109.5 C6-C1-C7 119.13 (10) C19-C18-H18B 109.5 C2-C1-C7 122.11 (10) H18A-C18-H18B 108.1 C3-C2-C1 120.48 (10) C18-C19-C20 109.14 (10) C3-C2-H2 119.8 C18-C19-H19A 109.9 C1-C2-H2 119.8 C20-C19-H19A 109.9 C2-C3-C4 120.17 (10) C18-C19-H19B 109.9 C2-C3-H3 119.9 C20-C19-H19B 109.9 C4-C3-H3 119.9 H19A-C19-H19B 108. Symmetry codes: (i) x, y, z−1; (ii) −x+1, −y, −z+2; (iii) −x, −y+1, −z.

